Abstract. The interdependence of macrofauna and microbes is increasingly recognized as a key 24 feature affecting nutrient cycling. Tidepools are ideal natural mesocosms to test macrofauna and 25 microbe interactions, and we quantified rates of microbial nitrogen processing using tracer 26 enrichment of ammonium ( 15 N NH4 ) or nitrate ( 15 N NO3 ) when tidepools were isolated from the 27 ocean during low intertidal periods. Experiments were conducted during both day and night as 28 well as in control tidepools and those from which mussels had been removed allowing us to 29 determine the role of both animal presence and daylight in microbial nitrogen processing. We and daylight increased remineralization and photosynthetic nitrogen uptake. When we compared 33 ammonium gain or loss that was attributed to microbes versus photosynthetic uptake, microbes 34 accounted for 32% of this ammonium flux on average. Microbial transformations averaged 61% 35 of total nitrate use; thus, microbial activity was almost 3 times photosynthetic nitrate uptake. 36
that included simultaneous ammonium remineralization and uptake. Here, we extend that 161 approach by constructing a differential equation model that includes all six simultaneous 162 processes described above. We then fit our model to observed time-dependent changes in the 163 concentrations and isotopic composition of ammonium, nitrite and nitrate. Because microbial 164 metabolisms (h, x, y, r) , phototroph uptake (u), and animal metabolism (m) should be occurring 165 simultaneously, a major advantage of the differential equation model is that it estimates multiple, 166 simultaneous processes. 167
168
In our differential equation model (Fig. 1) , three differential equations describe how the 169 concentrations of ammonium (A), nitrite (Ni), and nitrate (Na) in nmol L -1 change with time as a 170 function of the 6 nitrogen flux terms. 171
Ammonium remineralization (m) is assumed to be a constant rate independent of ammonium 172 concentration. However, the other fluxes are first-order dependent on source concentrations with All parameter definitions are summarized in Table 1 . Although isotope fractionation is known to 200 occur for these nitrogen transformations, their magnitude is small compared to experimental 201 enrichment values (e.g. Granger et al. 2008 , Casciotti 2009 , Granger et al. 2010 , Swart et al 202 2014 . We thus assumed that fractionation was insignificant in the context of this experimental 203 manipulation and that first order reaction rate coefficients were equivalent for 14 N and 15 N 204 containing forms of DIN. 205
206
We solved Eqs. 2-7 for the 6 parameters (m, u, h, x, r, y) In all experiments, a water sample prior to tracer addition was collected to verify natural 253 abundance isotope levels (T o ). After tracer solution was added and stirred, a sample of water was 254 immediately taken to estimate actual initial enrichment (T 1 ). A second sample was taken ~ 2 h 255 later (T 2 ), followed by a final sample after ~5 h (T 3 ), resulting in 3 samples to estimate the time 256 course of concentration and 15 N enrichment in NH 4 + , NO 2 -, and NO 3 -in tidepool water. Although 257 it would have been ideal to have greater than 4 samples to precisely describe the time course of 258 though the presence of mussels diluted the δ 15 N NH4 signal. Similarly, enrichment in δ 15 N NH4 and 312 δ 15 N NO2 followed the addition of 15 N-NO 3 -( Fig S1) . 313 314
The differential equation model estimates nitrogen transformation rates 315
The advantage of using our tidepool experiments is that they contain the full range of actual 316 biological components and environmental fluctuations; but as they vary in the composition of 317 these components they also show individual differences. We thus fit the model to each tidepool 318 individually, rather than a mean value, allowing any influences due to environmental differences 319 to be incorporated into parameter estimates. ODE model predictions were generally highly 320 concordant with the observed nutrient and isotope data measured for each tidepool experiment 321 (Fig. 3) . In addition to providing a good visual fit to the data for each tidepool (Fig. 3) , the 322 estimated parameters predicted well the total amount of 15 N measured at the end of the 323 experiment (Fig. 4) . Individual results deviated by as much as +20 nmol L -1 , but the estimated 324 and measured quantities were very similar and indicated the model showed no bias toward 325 producing or consuming 15 N (Fig. 3 ). The mean 15 N was 122.3 nmol total in the ammonium 326 enrichment experiments and 158.6 total in the nitrate enrichment experiments, indicating that 327 deviations were relatively modest (<16%), especially given the multiple sources of variability in 328 collecting and analyzing tidepool seawater. 329 330 3.3 The significant effect of mussels and light on nitrogen processing 331
The rates of ammonium remineralization in tidepools that we estimated with our ODE model 332 were greatest during the day when mussels were present, as was the uptake of ammonium (Fig.  333 2). In turn, all nitrogen metabolisms showed the greatest rates in the presence of mussels (Fig. 5, 334 Biogeosciences Discuss., doi:10.5194/bg-2016 -81, 2016 
Discussion 382

Animal and microbial contributions to nitrogen transformations 383
The remineralization of ammonium, oxidation and reduction of inorganic nitrogen, and the 384 uptake of ammonium and nitrate were all greater in tidepools with mussels versus those where 385 mussels were removed. Mean nitrate flux due to microbial processing (the sum of microbial 386 nitrate transformations in Table 3 ) ranged from 8 to 61% of the total nitrate uptake attributed to 387 both microbes and phototrophs, with the highest values when mussels were present and it was 388 daylight. Microbial processing accounted for an average 32% of the total ammonium flux with 389 mussels and daylight. Processing of both nitrate and ammonium by microbial chemolithotrophs 390 was thus significant in this rocky shore environment, and especially so when mussels were 391 present. Previous analysis of ammonium uptake in this system indicated that suspended particles 392 (e.g. phytoplankton) in tidepool seawater account for a negligible amount of ammonium uptake 393 (only 1-3 nmol L -1 h -1 ) and microbial activity in tidepool seawater was an order of magnitude 394 less than benthic microbial activity (Pather et al. 2014) . Additionally, benthic algae uptake rates 395 (estimated at ~5 x 10 -4 h -1 , Pather et al. 2014) likely dominate the parameter u, though the 396 biomass specific uptake rates for the algae in our tidepools are unknown because we would have 397 had to destructively sample all algae to estimate this. However, published rates of ammonium 398 uptake in red algae ranged from 15900-62000 nmol per hour for every gram of algal dry weight, 399 while those for nitrate are 9700-28500 (Hurd et al. 2014) . Thus, several individual algae could 400 account for the uptake of nitrogen that is not microbial, and our estimates of uptake using the u 401 parameter in the model are consistent with literature values (Table 3 ). In total, our enrichment 402 experiments indicate that microbial transformations can be as great as and even exceed the 403 tidepools provide microsites where these microbial reducing processes can take place. The 450 oxidation of ammonium and nitrite, though not positively related to final oxygen level, was 451 greatest during the day and with mussels. Even at night when oxygen could be very low, there 452 was sufficient ambient oxygen to permit nitrification. Thus, even though remineralization 453 decreased at night and oxygen levels dropped, ammonium oxidation remained at an average of 454 160.6 nmol L -1 h -1 in the presence of mussels. 455
456
Although competition for ammonium between nitrifiers and phototrophs is poorly understood, 457 the preference for ammonium uptake may make it a contested resource. Sediment microalgae 458 have been shown to be competitively superior to ammonium oxidizing bacteria, likely due to 459 higher specific uptake rates and faster growth (Risgaard-Petersen et al. 2004 ). Here, we found 460 little evidence for competitive interactions for either ammonium or nitrate between 461 photosynthetic processes and microbial chemolithotrophs. Microbial transformations in the dark 462 did not increase, suggesting that microbial nitrogen metabolism is driven more by the stimulation 463 of animal excretion that occurs in these tidepools during the day, perhaps because of increased 464 tidepool temperature (Bayne & Scullard 1977) . We also show no evidence of UV inhibition of 465 nitrification (e.g. Horrigan & Springer 1990 , Guerrero & Jones 1995 . We note also that 466 tidepool ammonium levels rarely were lower than several µM, and thus ammonium should not 467 have been depleted and limiting unless there are depleted microsites. Further studies at low 468 ammonium, including areas where animal regeneration is reduced and ammonium may be 469 contested, are warranted to understand how phototrophs and chemolithotrophs interact. rates and thus provide a more realistic descriptor of microbial activity in nature. Our model focus 475 on the rates of simultaneous nitrogen transformations assures that it is general and applicable to 476 any system. A key result here is that rate estimates from the differential equation model were 477 often much greater than those from the source-product model (Lipschultz 2008, and Glibert 478 1982) . We suggest two reasons that our ODE estimated greater rates. First, the rapidity of 479 microbial transformations combined with the diversity of microsites in nature mean that tracer 480 enrichment can readily cycle through multiple products. Thus, 15 N in ammonium may be 481 oxidized not only to nitrite, but also to nitrate and then potentially reduced (Fig. 1) with source-sink models, a concern noted by its authors when source-product models were 487 derived. Here, and in Pather et al. (2014), we note that the effects of ammonium dilution were 488 most pronounced with mussels during the day, where all microbial rates were underestimated 489 with a source-product model. Our ODE model, in contrast, accounts for the propagation of tracer 490 dilution by ammonium remineralization to all DIN pools, likely resulting in greater estimates for 491 multiple nitrogen metabolisms. Indeed, our estimates of nitrification are several orders of 492 magnitude greater than those estimated in other coastal locales with source-product models 493 estimated from the ODE model (Eqs. 2-7), including the estimated rate of remineralization (m) 664 and ammonium and nitrate uptake rates in experimental tidepools. The dark horizontal line is the 665 median, the box encompasses 50% of the data and the unfilled circles are outliers. The positive 666 effect of mussels (shaded bars) on these 3 rates was greatest during the day. Linear mixed effects 667 model results are in Table 4 . contributed to all nitrogen uptake, including nitrogen uptake of phototrophs (u). different times in a single control tidepool (with mussels). We measured values prior to 
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